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INTRODUCTION
The fission-electric cell reactor concept involves the direct utilization of the energy of fission fragments by allowing those charged particles to do work against an electrostatic potential (Ref. 1). An important limitation to its feasibility is the energy loss (in the form of heat) of the fragments within the fuel layer. Analyses of the efficiency obtainable indicate that reasonably high efficiency can result for very thin fuel layers (Ref. 2) .
It may be observed that by choosing a small enough fuel thickness the efficiency can be made as high as fragment physics permits. The problem of reactor criticality would then be solved (for stationary power applications) by simply making the reactor big enough. While this approach may be adequate in some applications, it is clearly not so for a space-power plant. If a useful spacepower plant is to be designed it must satisfy size and weight restrictions. It may therefore be more logical in that case to begin with a certain fixed size limitation, From this, a critical mass limitation is inferred, which may then be translated into a limitation on minimum fuel thickness. The result may be that the achievable efficiency for that particular size of reactor is considerably less than the fragment-escape calculation alone would dictate.
This Report describes such a procedure for estimating the highest efficiency obtainable, starting with a fixed size and total power rating. A particular moderator material (graphite) and an average operating temperature have also been assumed, Of course it would simplify the designer's problem considerably if these could also be included as parameters, but this would complicate the method severely.
Owing to the relatively complex nature of the interaction between variables, the physical analysis was kept as simple as possible. Although this casts some doubt on the exact numerical results, estimates of the possible error of each individual portion of the calculation permit analysis of the overall error. In practice the error associated with the critical mass estimate will probably overshadow the errors from all other sources.
The analytic technique can best be described by dividing it into three areas:
Neutronics

Fission-fragment physics
Voltage breakdown
In (l), the main concern is finding the fuel requirement (critical mass plus burnup) as a function of reactor density. In the case of the two-region concept (Ref. 3) , the fuel distribution is an additional variable.
In (2) , the efficiency associated with the collection of fission-fragment energy is examined for varying fuellayer thickness, cell geometry (specifically, the ratio of anode to cathode radius), and cell voltage.
In (3), some estimates are presented of the limitation on electrode-gap distance due to the effects of voltage breakdown across the gap.
For a given choice of overall size, shape, materials, and operating temperature, the three effects discussed above can be combined, optimizing the variables to give the maximum overall efficiency.
II. NEUTRONICS
A. Criticulity Culculutions
Methods are given below for the calculation of neutron physics parameters for both single-region and tworegion reactor concepts. The single-region concept refers, of course, to a simple, unreflected reactor with uniform fuel loading. In the two-region concept, fuel and moderator densities are diffcrent in the two core regions.
Single-Region Concept
Using the age formulation of the criticality condition 
Two-Region Concept
The two-region concept, in which a central, compact, non-power-producing cylinder produces neutrons that escape to the outer fission cell annulus, has been discussed in a previous report (Ref. 3) . It was shown there that under certain conditions the efficiency reduction due to the unused energy released in the central region could be overcome by the increase in efficiency in the outer region due to the reduction of fuel thickness.
An estimate can be made of the net effect by arbitrarily reducing, by a fraction X, the amount of fuel necessary for criticality (as calculated above). Then by the methods outlined previously (Ref.
3) the Efficiency Reduction Factor (ERF) can be calculated. In this fashion the reactor may be described as a two-region system which in the limit of X + 1 (ERF = 1) becomes a singleregion system. The following parameters are required As input to the calculation for the ERF, in addition to those given above:
B. Input Information
Input information includes fixed parameters, nuclear constants, neutron streaming effects, and the burnup requirement.
Fixed Parameters
Nuclear Constants
The basic nuclear constants used here are: The uranium data at 2200 m/sec are the "World Consistent Set" (Ref. 5). The correction for temperature and "non-l/u" was taken from the Reactor Physics Constants handbook (Ref. 6). The latter was also the source of the graphite data. No correction for thermal expansion was made.
Neutron Streaming Effects
The reactor will be in the form of a graphite cylinder pierced by many annular holes. The annuli are formed by the vacuum space between the cylindrical cathode and anode of each cell. The critical mass formulae (Ref. 7) showed that the effect of lumped voids is to increase both the effective age and the diffusion length as calculated from homogenized data.
In order to keep to a minimum the time and expense involved in the calculation it was necessary to fix some arbitrary manner, the parameters were chosen with space applications in mind. It is anticipated that the reactor core will be large and heavy; therefore, it must have a high power output to justify its use. Furthermore, a
Of the Parameters* this was done in a 'Ornewhat assume the core to be homogeneous. However, Behrens -major advantage of this type of electrical power system in space would be the savings in radiator weight due to high-temperature heat rejection. With these points in mind, the following choices were made:
Reactor core dimensions 10 ft long X (unreflected) 10 ft in diameter 
U235
Operating time between refuelings 30 days Applying Behrens' formulae directly (neglecting fuel absorption) the increase in the migration area due to the heterogeneity of the voids can be expressed in the form In this formula the neutron mean free path has been assumed to be 3 cm. Table 1 shows the resulting effects for several choices of void fraction and cathode diameter for an assumed gap of 1 cm. This effect is obviously a variable. However, because of the complexity of the calculation, the approximate nature of the results, and the relatively small variation found in Table 2 , a constant value of 1.15 is used in this study, Thus the diffusion 
Burnup Requirement
Additional fuel must be added to compensate for burnup. For these calculations, 15 kg is added, which would permit about 15,000 Mw-days of thermal power. This amount was chosen to yield approximately 10-25 Mwe over a 30-day period.
Thus after the amount of fuel required for criticality (m) is calculated, an addition of 15 kg is made, to give the total fuel loading (m'). This then makes the reactor initially supercritical. For calculational purposes it was assumed that control rods would be inserted from one end to reduce reactivity. It is therefore necessary in each case to adjust the axial buckling to make the reactor critical at the start (with X = 1).
C. Resulfs
The results of the criticality calculations are given in Tables 2 and 3 . Although the intermediate data are reported for completeness, the most important results for each value of a are the ERF and the "minimum fuellayer thickness characteristic." The latter parameter is derived from the loaded fuel mass Xm'. It is assumed that the dimensions of the cell will be chosen to maximize the cathode surface area. This will be discussed more fully later. The result, however, is that the minimum layer thickness may be expressed as the product of a geometric function and (Xm'/aV). Therefore the values of Xm'/aV, termed the "minimum fuel-layer thickness characteristic," are tabulated,
FISSION-FRAGMENT PHYSICS
A. Model
Previous calculations (Ref.
2) of the efficiency of the fission-electric cell have employed a model assuming monoenergetic fission fragments. It was also assumed that a fragment's electric charge remained constant as the fragment passed through the fuel layer. These assumptions have been modified as follows:
Each fission is assumed to release one light and one heavy fragment. The light fragment has an initial charge number 2; = 21 and initial energy E; = 100 MeV. Values for the heavy fragment are 2: = 23 and E t = 67 MeV. Furthermore it is assumed that the charge on the light fragment varies as the square root of the velocity, while that of the heavy fragment varies as the velocity itself. Although there is little information concerning the ranges in solids for each fragment, on the basis of measurements reported in gases (Ref, 5) it will be assumed that the ranges are proportional to the initial energy. In these equations the voltage P is in units of Eo/e, where Eo is initial fragment energy and e is initial fragment charge. Similarly, the fuel-layer thickness T is in units of fragment range. Therefore, for a given operating voltage and fuel thickness, separate calculations were made for the light and heavy fragments, and the results were combined to yield the actual efficiency. Figure 1 shows the resulting efficiency curves for various thicknesses, measured in units of maximum range of the particles, and for three ratios of anode to cathode radius. For any given thickness of material the efficiency is found from the average of the efficiencies of the light and heavy particle curves corresponding to that thickness. Table 4 shows the relationship between the thickness in range units, used in Fig. 1 , and the thickness in terms of mg/cm2 of U,O,. In combining curves it must be remembered that for any given potential differences between electrodes the normalized voltage will be different for the light and heavy fragments, owing to the difference in initial charge and energy. Table 5 shows the relationship between actual and normalized voltages.
With the aid of these tables, the curves of Fig. 1 were combined to form Fig. 2 . These results were then replotted, as shown in Fig. 3 , to permit interpolation of thicknesses for fixed voltages. 
IV. VOLTAGE BREAKDOWN
The phenomenon of voltage breakdown across a vacuum gap is not yet well understood. The subject has been attacked by many in recent years, without very good agreement. In the fission-electric cell reactor application the situation is even more in doubt, because it is difficult to predict the vacuum that will exist between anode and cathode.
With all the uncertainties involved, all that can be done at this stage is to estimate an upper and lower bound on the voltage breakdown point. This was done using the review report of Alpert and Lee (Ref. 8) . The upper curve shown in Fig. 4 is an extrapolation of the linear effect found experimentally for small gaps cm). This limit has not been achieved thus far across larger 
V. OPTIMIZATION
From the reactor physics calculations, with V fixed and with a and X as parameters, the required fuel mass Xm' and the ERF were determined. The fuel thickness is then simply Xm' divided by the fuel area S , which is a function of a, V , R,, R, and R, (see Fig. 5 ). 
The expression for minimum fuel thickness (derived in
Appendix
VI. DISCUSSION OF RESULTS
The curves of Fig. 6 represent the most important results of this work. Although the actual numbers are approximate since they are based on a very simple nuclear model, some important conclusions can be drawn from them.
As indicated previously, if R;/R* is negligibly small, the fuel-layer thickness is directly proportional to the product dm'. The efficiency is, of course, dependent upon this thickness T . Therefore, a reduction in fuel loading m ' may be exactly balanced by an increase in d. If the fuel requirements as calculated here could be cut by a factor of 2, then the same iso-efficiency curves could be used simply by dividing the d scale by the same factor. For example, we see on the curve of Fig. 6b ( R 2 / R , = 1.65) that the maximum efficiency obtainable, taking the optimistic voltage breakdown curve, is slightly better than 2% (at a voltage of about 500 kv). If the fuel mass could be cut in half by refining the calculations or by conserving neutrons with the addition of a reflector, the efficiency could be increased to about 3.5% (at 650 kv).
By comparing the curves for different ratios of R2/RI, it is observed that although higher fragment collection efficiencies seem to result from higher R J R , (see Fig. 2) , the increased fuel-layer thickness required offsets this so that the overall efficiency suffers. For the chosen fixed parameters, the optimum efficiency is achieved at RJR, somewhere between 1.1 and 1.65.
Furthermore, the shape of the iso-efficiency curves, combined with the voltage breakdown curve, determines the optimum operating point, which, as seen in these cases, is significantly below 1 Mv. It is also shown that the optimum occurs at relatively small gap spacings, at which there is little difference between the two voltage breakdown curves.
To increase the efficiency significantly would require a reduction in temperature, the use of a more efficient moderator (probably also requiring a temperature reduction), or an increase in the overall reactor size.
The two-region concept does not seem to offer any advantage except at very low efficiencies. Therefore, this feature can probably be eliminated from further parametric studies.
APPENDIX A Calculation of Minimum Fuel Thickness
I
For a given mass of fuel the minimum possible layerthickness will result from the maximum cathode area:
where n is the number of cells and H is the reactor height. From the definition of the void fraction, it follows that where V is the reactor core volume. By eliminating nH from these two equations, S can be expressed as
The latter expression is now used to maximize S with respect to R1, holding both ( R 2 -R , ) and R,/R, constant. 
